INTRODUCTION
In recent studies from this laboratory, it was shown that mitochondria from subcutaneous fat of obese paReceived for publication 7 January 1969 and in revised forml 19 March 1969. tients oxidized sn-glycerol-3-phosphate at a reduced rate (1) . This finding may provide a metabolic basis for the development of obesity, since sn-glycerol-3-phosphate is an obligatory acyl acceptor for the synthesis of triglycerides (2, 3) . Depressed oxidation of this substrate by mitochondria might be expected to enhance the development of obesity by increasing the supply of sn-glycerol-3-phosphate for synthesis of triglyceride. The metabolism of sn-glycerol-3-phosphate can be increased in experimental animals by treatment with thyroid hormones (4, 5) and manipulation of dietary intake (6) . The present studies were designed to determine whether similar manipulations could alter the metabolism of sn-glycerol-3-phosphate in adipose tissue from obese patients. To this end eight obese patients were biopsied on each of three occasions. The first biopsy was done after 12-21 days on a 3500 cal diet, the second biopsy was performed after a period of 2-3 wk on 900 cal, and the final biopsy was taken after triiodothyronine was added. With this experimental design (Fig. 1) , it was possible to compare the effect of two levels of caloric intake and a third period with triiodothyronine on the activity of the soluble and mitochondrial snglycerol-3-phosphate dehydrogenases. This experimental design also afforded an opportunity to explore the effects of dietary intake and triiodothyronine on Insulin, 625 /AU/ml, and (or) 2 mm glucose was present in some of the vials containing pyruvate. All vials were incubated in an atmosphere of 95% 02, 5% CO2 at 370C for periods of time ranging from 30 to 180 min. At the end of the incubation 0.5 ml of Hyamine (Packard Instrument Co., Inc., Downers Grove, Ill.) was added to a filter paper wick in a polyethylene cap suspended from the top of each vial, and 0.5 ml of 0.5 N sulfuric acid was added to the incubation medium. The vials were shaken for an additional hour to collect C02, and the radioactivity was assayed in a liquid scintillation counter after which the counts were corrected for quenching by adding internal standards. The total lipid in the incubation medium of the fat cells was extracted into 4 ml of heptane (8) . The pieces of fat were crushed in Dole's extraction fluid (8) and then extracted into heptane. The heptane extracts were washed twice with 1 ml of 0.1 N NaOH to remove glucose-1-1'C or pyruvate-3-`C. 1 ml of the washed heptane layer was counted to determine the radioactivity in "triglyceride," and 2 ml was hydrolyzed in 10% alcoholic potassium hydroxide for 1 hr at 60'C. The hydrolysates were cooled and acidified, and the fatty acids were extracted three times with equal volumes of heptane. The heptane washes were pooled in a counting vial and allowed to evaporate before the liquid scintillator was added (9) . Glyceride-glycerol was calculated from the difference between total counts found in the "triglyceride" extract and those found in the fatty acids after hydrolysis. Metabolism of sn-glycerophosphate. Approximately 4 g of adipose tissue was homogenized in three volumes of ice-cold 0.25 M sucrose with a TenBroeck homogenizer and centrifuged at 1000 g in the cold. For preparation of mitochondria, the fluid layer between the pellet and fat cake was centrifuged at 15,000 g in a refrigerated centrifuge (International Equipment Co., Needham Heights, Mass.). The supernatant from the first centrifugation and the mitochondria were used for assay of enzymatic activities. All assays involved the measurement of nitrotetraformazan formed by the transfer of hydrogen to iodonitrotetrazolium. Two methods (4, 10) were compared and no significant differences were found. Since the method of Fried, Greenberg, and Antopol (10) allowed comparison of the soluble and insoluble forms of the sn-glycerol-3-phosphate dehydrogenases in the same homogenate, this method was selected. All incubations were carried out in counting vials in a total volume of 2 ml. Each vial contained 0.2 ml of 0.5 M racglycerol-3-phosphate, 0.3 ml of 0.4% iodonitrotetrazolium (2-p-iodo-3-p-nitro-5-phenyl tetrazolium chloride, Sigma Chemical Co., St. Louis, Mo.) and 0.2 ml of homogenate. Medium A contained in addition 0.2 ml of 15 mm nicotinamide adenine dinucleotide (NAD+) and buffer (1.15 M phosphate, pH 8) to make 2 ml. In Medium B NAD+ was replaced by buffer. Medium C contained 0.2 ml of NAD+, 0.2 ml of 10' M NaCN, 02 ml of 10-' M phenazine methosulfate and buffer to make 2 ml. Medium D was identical with medium C, except that NAD+ was omitted and replaced by buffer. After incubation for 15 min, the reaction was stopped by adding 0.2 ml of 30%o trichloroacetic acid (TCA). The iodonitroformazan was extracted into 5 ml of ethylacetate and the optical density determined at 490 mj. Protein in the homogenate or mitochondria was determined by the biuret method (11) .
Calculations. The conversion of substrate into product was calculated from the specific activity of the substrate and the radioactivity of the product. Statistical comparisons were made by use of paired differences or group means analyzed with Student's "t" test. RESULTS Changes in body weight and oxygen consumption. During the first period seven of the eight patients gained an average of 4.2 kg (Table I ). The one patient who lost weight had marked pitting edema at the time of admission and lost 7 kg. Oxygen consumption of five of these patients was measured and averaged 21.4 ±1.1 (mean +SEM) liters of oxygen per hr with a respiratory quotient of 0.93 during the last 3 days before the fat biopsy. Two of the five patients showed an occasional value for their respiratory quotient of 1.0. During the second period, comprising 2 wk on a 900 cal diet, the Effects of diet and insulin on the metabolism of radioactive glucose. The most striking effects of dietary restriction on the metabolism of adipose tissue were observed in the biopsies from the patient who had ingested 5000-7000 cal daily for 6 wk before the present study was begun (Figs. 2 and 3) . The rate of incorporation of radioactivity into CO (Fig. 2) and long-chain fatty acids (Fig. 3) in the presence of insulin (625 iaU/ml) was constant over 3 hr. The 900 cal diet reduced this rate even in the presence of insulin. The dose-response between insulin and the incorporation of radioactivity from glucose-l-4C into long-chain fatty acids is shown in Fig. 4 Relationship between the conversion of radioactivity from glucose-1-J4C into fatty acids and the concentration of insulin in the medium. Pieces of fat were obtained from the first biopsy ( Fig. 1 ) of the patient who had ingested the high calorie diet before the present study. All incubations were 2 hr in length.
was incorporated into long-chain fatty acids during the 2 hr incubation. The fat from four patients was used to compare the effects of insulin on fat cells and on pieces of fat (Figs. 5-7). The rate of conversion of radioactivity from glucose-l-1'C into "CO2 was constant over the 3 hr during which fat cells or fat pads were incubated (Figs. 5 and 7). The addition of insulin, 625 fAU/ml, significantly augmented the formation of "CO2 by pieces of fat at 60, 120, and 180 min (P < 0.05) (Fig. 5, left) but was without detectable effect on the oxidation of glucose by fat cells (Fig. 5, right) . The rate of conversion of radioactivity from glucose-l-'C into glyceride-glycerol was also constant with time (Fig. 6) , and the addition of insulin significantly increased the quantity of radioactivity incorporated into this compound by fat pads at 30 and 60 min (Fig. 6, left) , but insulin had no significant effect on fat cells. The biopsies during caloric restriction whether before or during treatment with triiodothyronine (periods 2 and 3) had a reduced rate of conversion of glucose-1-"C into C02 and insulin was without effect (Fig. 7) .
The dose-response between insulin and the oxidation of glucose was assessed in fat pads from five patients (Figs. 8 and 9 ). More CO and glyceride-glycerol was produced in the presence of insulin with effects at concentrations of 19 and 62 ,uU/ml. It is clear that the 900 cal diet with or without triiodothyronine completely eliminated the effects of insulin on the conversion of glucose to CO (Fig. 8) . The 900 cal diet also inhibited the effects of insulin on the conversion of glucose into Each point is the mean of incubations from four patients, and vertical lines are the standard error (patients 5, 6, 7, and 8).
glyceride-glycerol, but triiodothyronine restored this response to insulin to near normal levels (Fig. 9) .
Lipogenesis from Pyruvate. of radioactivity from pyruvate into long-chain fatty acids. These effects of glucose on the stimulation of fatty acid synthesis from pyruvate were most striking in the patient fed 5000-7000 cal daily for 6 wk. In her first biopsy (not included in Table II ) glucose and insulin stimulated a 10-fold increase in conversion of radioactivity from pyruvate into long-chain fatty acids (5.0-56.6 mumoles/g per 2 hr), and glucose alone stimulated a 6-fold increase (7.9-48.6 mjumoles/g per 2 hr). Caloric restriction reduced the incorporation of radioactivity from pyruvate into fatty acids by 30-90% and reduced its oxidation to C02 and conversion to glycerideglycerol. During treatment with triiodothyronine pyruvate conversion to fatty acids and C02 was returned toward the values from the first biopsy. However, in contrast to the first biopsy glucose and insulin did not enhance the incorporation of radioactivity from pyruvate into fatty acids (Table II) .
Effects of triiodothyronine on glycerol-3-phosphate oxidation. The effects of triiodothyronine and of caloric restriction on the metabolism of sn-glycerol-3-phosphate by homogenates of adipose tissue are summarized in Table III . Dietary restriction (period 1 vs. 2) significantly reduced the metabolism of rac-glycerol-3-phosphate in media B, C, and D, but medium A was unaffected. During treatment with triiodothyronine, the enzymatic activity of media A, B, and D was significantly augmented, but medium C remained at the same low level observed after period 2. The effects of caloric restriction and triiodothyronine on the isolated mitochondria incubated in medium D were similar to those seen with the whole homogenate, but the values were larger because the protein content was lower.
DISCUSSION
These experiments have explored the effects of caloric intake and treatment with triiodothyronnie on the metabolism of adipose tissue. A 3500 cal diet was selected for the first period because previous studies on the energy expenditure of obese patients (unpublished observations) had shown that this level of caloric intake was above that required for weight maintenance. Thus, during the first period (Fig. 1 ) all patients were in positive caloric balance. A negative caloric balance was induced in the second and third periods. The measurements of oxygen consumption provided evidence supporting this assessment of energy balance (12) . It was surprising that oxygen consumption, which declined in the second period, was no higher at the end of treatment with triiodothyronine, 250 ;xg/day, than during the first period. However, this small calorigenic effect was matched by the paucity of clinical symptoms elicited during treatment with triiodothyronine.
Fat biopsies providing up to 30 g of subcutaneous fat were obtained from the abdominal panniculus incision. With this quantity of tissue it was possible to perform incubations with fat pads to make isolated fat cells and, at the same time, to prepare homogenates of adipose tissues. Fat cells were readily obtained from these biopsies with little or no evidence of breakage during the procedure. The viability of these fat cells has been shown previously by the fact that oxygen consumption was linear for periods up to 4 hr.
The metabolism of sn-glycerol-3-phosphate was evaluated in homogenates of adipose tissue by a method which allowed comparison of the soluble and mitochondrial sn-glycerol-3-phosplhate dehydrogenases. The mitochon-(Irial enzyme catalyzes the transfer of hydrogen from glycerophosphate to flavin adenine dinucleotide (FAD) and is to be distinguished from the soluble or cytoplasmic sn-glycerol-3-phosphate dehydrogenase which requires NAD' as a cofactor (Fig. 10) . It is the activity of the mitochondrial enzyme which is reduced in subcutaneous adipose tissue of obese subjects (1) . This same enzyme increases in activity with thyroid treatment in some species (4, 5) , though not in all (13) . The experiments reported in Table III (medium D) show that pretreatment with triiodothyronine increased the activity of this enzyme in human fat. The soluble enzyme was not influenced by thyroid hormone but was higher on the 3500 cal diet (Table III, Relationship between the conversion of radioactivity from glucose-l-14C to glyceride-glycerol, and the concentration of insulin in the incubation medium. Thle glyceride-glycerol was isolated from the same tissues for which CO2 production weas measured in Fig. 8 . The incubations presented by the closed circles were from the first biopsy, the incubations represented by the open circles from the second biopsy, and those from the third biopsy by closed triangles. Each point is the mean of incubations from four patients, and the vertical lines are the standard errors (patients 2, 3, 5, 6, and 70) .
1.6 jug of iodonitroformazan per mg of protein per 15 mmi [n r 6]), but the activity from the second biopsy was significantly reduced. Comparison of data on obese patients who were in positive caloric balance ( Fig. 1) with (data on1 patients undergoing operation and who were probably in negative caloric balance may be misleading. Reexamination of the records of patients whose biopsies formed the basis of an earlier report (14) showed that almost all of them had been in negative caloric balance before the biopsy. These data and the data from the second biopsy (Fig. 2) probably provide a better comparison for fat from patients undergoing surgery than the fat from the overfed patients. To settle this point studies are underway to measure the activity of mitochondrial sn-glycerol-3-phosphate dehydrogenase in normal and obese patients with comparable caloric intake.
The net effect of the mitochondrial glcerophosphate cycle, shown in Fig. 10 is to transfer hydrogen from extramitochondrial NADH (reduced form of NAD+) intramitochondrial receptors. The P: 0 ratio for this oxidative pathway is less than 2 (15) compared to a P: 0 ratio of 3 for the oxidation of glucose to C02 through the Krebs cycle (o16)r.The glycerophosphate pathway, therefore, could serve as a regulator of the efficiency with which oxidation and phosphorylation are coupled. Increased activity of this pathway during high caloric intake would tend to decrease the caloric effi- (20, 21) depends calories may occur in normal man and animals. With upon the preparation chosen for study (22) (23) (24) , upon human subjects they showed that high caloric intake the previous caloric intake, as well as age (23) and the leads to enhanced thermogenesis (17, 18) . The present size of fat cells (25) . The importance of previous nutriexperiments provide evidence that the glycerophosphate tional status on the response to insulin was demoncycle ( Fig. 10 ) may be augmented by high caloric strated in the present studies by comparing the response intake and thus supports one of the mechanisms sug-of the fat pads from the first biopsy with those from the gested by these authors (19) . Indeed, the difference second and third biopsies. between the activity of this pathway in obese and norAfter 2 wk on a high caloric intake, insulin augmal individuals (1) may account for the efficiency with mented the conversion of radioactivity from glucosewhich obese patients utilize their food. Of more impor-1-"C into C02, glyceride-glycerol, and fatty acids. These tance for these patients, however, is the fact that caloric effects were most marked in the patient who had inrestriction reduced the activity of the glycerophosphate gested 5000-7000 cal daily for 6 wk before beginning cycle. This reduced activity would decrease their ca-the 3500 cal diet. In her biopsy radioactivity from glupacity to waste calories as heat and may provide a cose and pyruvate was readily incorporated into longpartial explanation for the oft observed plateau during chain fatty acids and a dose-response to insulin was dietary restriction. Triiodothyronine prevented the drop demonstrated. After 2 wk on a restricted intake, howin activity of the glycerophosphate cycle and could thus ever, lipogenesis could no longer be demonstrated in allow additional calories to be dissipated as heat.
any biopsy. Although pieces of fat responded to insulin no effects of insulin could be detected with fat cells. In this respect our data are similar to the observation of Gries and Steinke (23) , who demonstrated a greater response in pieces of fat than in fat cells. Together these observations support the concept that the trauma involved in preparing fat cells might impair their sensitivity to insulin. Hirsch and Goldrick (26) (25) have demonstrated that lipogenesis in human adipose tissue decreases with age. In the present studies on obese patients the ages ranged from 19 to 42 yr, but most of the patients were under 30, and they all clearly responded to insulin.
The observations of Salans, Knittle, and Hirsch (25) would lead us to assume that our patients had an increased number of fat cells. Although the size of fat cells was not measured, it would seem reasonable to assume that they were also larger than normal, and that they decreased in size during the periods of caloric restriction (periods 2 and 3). Yet, the maximal response to insulin was detected at the end of the first period when the cells should have been largest. It should be noted that the data of Salans et al. did not demonstrate an effect of insulin on the incorporation of radioactivity into long-chain fatty acids or into triglyceride (presumably glyceride-glycerol) but only on C02. From our studies it is clear that the sensitivity of fat cells from obese patients is dependent not only on their size but upon the previous caloric intake, and that even very large fat cells can become sensitive to insulin.
Pyruvate (27) (28) (29) (30) can supply carbon for the synthesis of fatty acids and sn-glycerol-3-phosphate in adipose tissue. The addition of nonradioactive glucose to the incubation medium containing fat cells augmented the conversion of radioactivity from pyruvate-3-14C into fatty acids and reduced the conversion to glyceride-glycerol. This stimulatory effect of glucose on lipogenesis from pyruvate has been attributed to the supply of sn-glycerol-3-phosphate and NADPH (reduced form of NADP) which are made available from glucose (27, 28) . Indeed, lipogenesis from pyruvate could be demonstrated in the present experiment with fat cells from the first biopsy under conditions in which no measurable radioactivity from glucose was incorporated into fatty acids. It is possible that pyruvate represents a more important source of carbon for synthesis of long-chain fatty acids than does glucose.
Pretreatment with thyroid hormone increased lipolysis by adipose tissue incubated in vitro (31, 32) and elevated the levels of circulating free fatty acids in vivo (33) . Lipogenesis is also enhanced by this treatment (34) . In the obese patient treated with triiodothyronine the effects of insulin on the incorporation of radioactivity from glucose into glyceride-glycerol were increased, but there was no effect on the oxidation of glucose to C02. This latter finding is in agreement with earlier studies from this laboratory in which thyroid hormones increased lipolysis (32) and lipogenesis (34) without affecting glucose oxidation (35) .
